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ABSTRACT

This report assesses the probability of reactor coolant loop (RCL) piping
failures resulting from a crack growth mechanism. The Westinghouse
pr.ssurized water reactor (PWR) plants in the United States east of the Rocky
Mountains are considered. After the introduction (Section 1), the assessment
is presented in five parts (Sections 2-6). Section 2 describes the
characteristics of RCL piping in these Westinghouse PWR plants. Section 3
describes the methodology used in the analysis. Sections 4 and 5 present the
best-estimate and uncertainty analyses, respectively. Our conclusions are
presented in Section 6, along with recommended items for consideration in
future licensing requlations.
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PROBABILITY OF PIPE FAILURE IN THE REACTOR COOLANT LOOPS
OF WESTINGHOUSE PWR PLANTS
Volume 2: Pipe Failure Induced by Crack Growth

EXECUTIVE SUMMARY

The Code of Federal Regulations requires that structures, systems, and
components affecting the safe operation of nuclear power plants be designed to
withstand combinations of loads from natural phenomena, normal operating
conditicns, and postulated accidents. One of the mandated requirements for
load combinations concerns the coupled effects of a safe shutdown earthquake
(SSE) and a loss of coolant accident (LOCA). This requirement has been the
subject of controversy because both events have very low probabilities of
occurring. The issue has become more controversial in recent years because
the postulated LOCA and SSE loads have each been increased by a factor of two
or more (to account for such phenomena as asymmetric blowdown in pressurized
water reactors), and because better techniques for defining loading have been
developed.

The Load Combination Program, initiated at Lawrence Livermore National
Laboratory (LI.NL) in 1980, aims to provide the U.S. Nuclear Regulatory
Commission (NRC) with a technical basis for solving load combination issues ir
nuclear power plant designs. One of the program's tasks is to determine
whether the requirement to consider the load of a large LOCA combined with
that of an SSE is justified for the safe operation of nuclear power plants.

In attacking the problem, LLNL has adopted a probabilistic approach to
estimate the probability that large LOCA and SSE ioads will occur
simultaneously, and to estimate the probability that a large LOCA wiil be
caused oniy by normal and abnormal loading conditions (without an
earthquake). These estimates give us useful information on the likelihood of
an asymmetric blowdown, which would be part of a large LOCA.

The first phase of the Load Combination Program was a pilot study on the
reactor coolant loop (RCL) piping of the Zion Unit 1 plant. The study was
divided into two cases, according to the postulated cause of failure. One
case was concerned with pipe failure caused by crack growth in the pipe weld
joint locations. The second case dealt with causes other than the crack
growth mechanism, such as the failure of support systems. The pilot study's
results indicated that the probabilities for a failure due to the simultaneous
occurrence of an SSE and a double-ended quillotine break (DEGB), resulting
from either cause, were extremely low. For convenience, we refer to the first
case as a direct DEGB; the second case is referred to as an indirect DEGB. 1In
this volume of the report, we address only the case of a direct DEGB.

The major objective of this report is to provide an estimate of the
probability of a direct DEGB occurring, due to the fatigue crack growth
mechanism in the RCL piping at the Westinghouse pressurized water reactor
(PWR) plants east of the Rocky Mountains. Seventeen sample plants,
representing 33 reactors at 19 sites, were selected to represent the larger
population of Westinghouse PWR plants in the region under consideration.
For Westinghouse PWR plants west of the Rocky Mountains, a similar study is
documented in Volume 4 of this report series.



Two analyses, a best-estimate analysis and an uncertainty analysis, were
performed., The former gives a point estimate of the probability of a failure,
while the latter provides confidence bounds for this estimate.

In the best-estimate analyeis, we followed the methodology developed in the
pilot study, and made point estimates of the probabilities for an RCL piping
fa.lure at each of the 17 sample plants. For these plants, leakage estimates
ranged from 1078 ¢o0 207° per plant year., The probabilities for a direct
DEGB in the RCL were estimated as being about 10°12 per plant year. 1In the
uncertainty analysis, we devvloped a methodology that incorporates
uncertainties in several parameters affecting the assessments of DEGB
probabilities. The confidence bounds for the 90th percentiles of the 9
probabilities for a leak and a direct DEGB were estimated as 2.4 x 10/ and
7.5 x 10°41 per plant year, respectively. Based on the results of both
analyses, we concluded:

(1) A direct DEGB is a very unlikely event for the RCL piping in Westinghouse
PWR plants east of the Rocky Mountains.

(2) Earthquakes contribute very little (at most about 1%) to the probability
of a direct DEGB in the RCL piping of the Westinghouse PWE plants east of
the Rocky Mountains.

(3) The difference of at least three orders of magnitude between the leak and
the direct DEGB probabilities suggests that a leak is more likely than a
direct DEGB in the RCL piping for Westinghouse PWR plants east of the
Rocky Mountains.

These conclusions have led us to the following considerations for design
criteria for the RCL piping in Westinghouse PWF plants east of the Rocky
Mountains:

(1) The design requirements for simultaneous DEGB and SSE loads (as related
to the crack growth mechanism in the RCL piping) should be reconsidered,
since the probabilities that these events will occur are extremely low.

(2) The design requirements for postulating crack growth mechanism failure
modes in the RCL piping should focus on the "leak”™ mode rather than on
the "DEGB" mode.



1. INTRODUZTION

) 5% | Background

The Code of Federal Regulations requires that structures, systems, and
components affecting the safe operation of nuclear power plants be designed to
withstand those combinations of loads that can be expected from natural
phenomena, normal operating conditions, and postulated accidents.l Aan
example of a load combination requirement for nuclear plants is the effect of
a safe shutdown earthquake (SSE) load coupled with the load from a loss of
coolant accident (LOCA). 1In a recent evaluation, these combined loads were
increased by a factor of two or more to account for such phenomena as
asymmetric blowdown in a pressurized water rezctor (PwR). The U.S. Nuclear
Requlatory Commission (NRC) recognized the urgent need for resolving this
issue, since implementing the regulations have resulted in design and
construction difficulties, increased construction costs, increased radiation
exposure of maintenance crews, and a reduced reliability for the stiffer
systems under normal operating transients.

In response to a request from the NRC, Lawrence Livermore National Laboratory
(LLNL) undertook a multiyear Load Combination Program, beginning in fiscal
year 1980. The first phase of this program was to assess the influence of
seismic loads on a double-ended guillotine break (DEGB) event in the reactor
cooling loop (RCI) piping of a PWR plant. A probabilistic approach was
adopted for the evaluation. The results of that assessment indicated:

(1) Fatigue crack growth from all transients, including earthquakes, would be
an extremely unlikely mechanism for inducing a DEGB.

(2) The contribution of earthquakes to the occurrence of this unlikely event
would be a small percentage of the probability for a total failure.

However, the estimate for the probability of a failure used in that study was
a point estimate, since uncertainties in the input variables were not
considered.

In this study, therefore, we performed both a best-estimate analysis, and an
uncertainty analysis to provide the uncertainty bounds for the estimated
failure probabilities. Furthermore, our study covered a large population of
Westinghouse PWR plants (33 reactor units at 19 plant sites) located east of
the Rocky Mountains.

1.2 Objectives and Contents of this Report

The two main objectives of this report are to present the results from
analyzing the probability that RCL piping failures might be induced by fatigue
crack growth, and to recommend action items for future licensing regulations
on the load combination requirements for the RCL piping in Westinghouse PWR
plants east of the Rocky Mountains.

This report consists of six sections and an Appendix. Section 1 is the
Introduction. Section 2 describes the characteristics of the RCL piping in
Westinghouse PWR plants. Section 3 gives an overview of the analytical



methodology. Section 4, the best-estimate analysis, gives a point estimate
for the probability of a failure in the RCL piping for each of the plants.
Section 5 presents an uncertainty analysis, which provides the uncertainty
bounds for the plant with the highest probability of a DEGB failure, as
indicated by the best-estimate analysis. Section 6 lists the study's
conclusions, and recommends action items for consideration in future licensing
regulations. Appendix A tabulates information regarding the RCL pipe
geometries and loadings as derived from the Westinghouse data package.



2, REACTOR COOLANT LOOP (RCL) DESCRIPTIONS FOR THE WESTINGHOUSE PWR PLANTS
EAST OF THE ROCKY MOUNTAINS

2.1 General Information

The primary components of the Westinghouse PWR j.uclear steam supply system
(NSSS) are the reactor vessel, steam generators, and the reactor coolant
pumos., Figure 1 shows a typical four-loop NSSS supplied by Westinghouse. The
piping for each reactor coolant loop (RCL) contains a hot leg (reactor
pressure vessel [RPV] to steam generator [SG]), a crossover leg (steam
generator to reactor coolant [RC] pump), and a cold leg (reactor coolant pump
to reactor pressure vessel). Westinghcuse also supplies 2-loop and 3-loop
configurations. Figure 2 shows the locations of the 16 circumferential girth
butt welds that are common to each loop, which are the concern of this study.

Although the general arrangement of the Westinghouse RCL system has not
changed since 1961, the designs for the steam generators and the loop piping
differ in the piping mat~rials and the number of loops used, and in their
geometries. Table 1 lists Westinghouse reactors in the U.S. that are in
operation, under construction, or on order, as of August 1983.3'

2.2 The PWR Plants Being Considered

Westinghouse has provided the Load Combination Program with a design data
package covering 36 (out of a total of 59)4 reactor units at 21 plant sites,
including 2 sites on the west coast.

In this volume of the report, we are concerned with the Westinghouse reactor
units located east of the Rocky Mountains. A similar study of the west coast
plants is presented in Volume 4 of this report series. Furthermore, since
many reactor units have identical designs, for our analysis we identified 17
sample plants which are representative of 33 reactor units and 19 plant
sites. The design data for one sample plant may thus represent more than one
reactor unit and more than one plant site,

Table 2 summarizes the characteristics of the RCLs in the Westinghouse plants
under consideration. The RCLs in these plants vary in steam generator design
(four models, as shown in Table 3), number of loops per unit (two, three, or
four loops), method of pipe manufacture (cast or forged), pipe material (four
types), and wall thicknesses for the girth butt welds (two classes). We
believe that the 17 sample plants chosen for analysis represent the generic
characteristics of Westinghouse RCLs.

2.3 Design Data Package

Westinghouse provided a design data package for the 17 sample plants
containing relevant information about the pipe material, pipe geometry, and
the design loadings. These loadings consist of internal pressure in the pipe,
the dead weight, loads resulting from the restraint of thermal expansion, and
seismic loads. Appendix A tabulates the pipe geometries and design loadings
at each of the 16 welds in the RCL piping of the 17 sample plants.
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Table 1. Characteristics of the reactor coolant locps (RCLs) for all
Westinghouse PWR plants in the U.S.
Method
Steam Numbetr of pipe Pipe Pipe wall
generator of manufac- material thickness Commercial
Plant name mode 12 loops ture typeb typec operation

Yankee Rowe 13 4 - - F 6/61
San Onofre 1 27 3 Forged 1 E 1/68
Haddam Neck 27 4 Forged 3 E 1/68
Ginna 44 2 Forged 1 c 3/70
Point Beach 1 & 2 44 2 Forged 1 C 12/70, 10/72
Robinson 2 44 3 Forged 1 c 3/71
Turkey Point 3 & 4 44 3 Forged 1 C 12/72, 9/73
Indian Point 2 & 3 44 4 Forged 1 Cc 7/74, 8/76
Prairie Island 1 & 2 51 2 Forged 1, S c/D 12/73, 12/74
Kewaunee 51 2 Cast 5 D 6/74
Surry 1 & 2 51 3 Forged 1 Cc 12/72, 5/73
Farley 1 & 2 51 3 Cast 4 B 12/77, 7/81
Beaver Valley 1 & 2 51 3 Cast 4, S D/B 4/77, 86
North Anna 1 & 2 51 3 Cast 1 A 6/78, 12/80
Zion 1 & 2 51 4 Forged 1 [ 10/73, 9/74
Diablo Canyon 1 & 2 51 4 Forged 3 Cc g

Salem 1 & 2 51 4 Forged X e 6/77, 10/81
D, C, Cook 1 & 2 51 4 Cast S D 8/75, 7/78
Trojan 51 4 Cast 4 B 5/76
Sequoyah 1 & 2 i 4 Cast 5 B 7/81, 6/82
Virgil C. Summer 1 D 4 Forged 2 B 10/83
Shearon Harris 1 & 2 D 3 Forged 2 B 86, 90
Byron 1 & 2 D 3 Forged 2 B 84, 85
Braidwood 1 & 2 D 4 Forged 2 B 85, 86
Marble Hill 1 & 2 D 4 Forged 2 B 86, 87
McGuire 1 & 2 D 4 Cast 4 B 12/81, 10/83
Catawba 1 & 2 D 4 Cast 4 B 85, 87
Commanche Peak 1 & 2 D 4 Cast 4 B 84, 85
Watts Bar 1 & 2 D 4 Cast 4 B 84, 85
Seabrook 1 & 2 | 4 4 Forged 2 B 84, 87
Vogtle 1 & 2 F 4 Cast 4 B 87, 88
Millstone 3 ' 4 Cast B} B 86
Wolf Creek 1 4 Cast 4 B 84
Callaway 1 F 4 Cast 4 B 85
South Texas 1 & 2 E 4 Cast 4 B 86, 88

This is the Westinghouse model designation.

b pive materials are used: 1 = ASTM-A376-316; 2 = SA-376-304N;
5 = SA-430-316.

4 = SA-351-CF8M;

c

Pipe Wall Thicknesses

Hot leg Crossover leg Cold leg
(29 in. I.D.) (31 in. 1.D.) (27.5 in. I.D.)
A 2.33 2.48 2.2
) 2.45 2.60 2.32
c 2.70 2.88 2.56
D 2.4 2.59% 2.47
E 2.509 2.56° 2.50
F NA
d 27.5 in. 1.D.
€ 29.0 in. I1.D.

3 = SA-351-CF8A;



Table 2. Characteristics of reactor coolant loops for the Westinghouse
plants under consideration east of the Rocky Mountains.

Method Class of
Sample Number Number Number Steam of pipe Pipe wall thick-
plant of plant of of loops generator manufac- material ness for
number sites units per unit model? ture typeP weld®
1 : | 1 2 51 Cast 4 TB
2 1 2 4 D Cast 3 TA
3 1 2 4 51 Cast - TB
4 1 | 4 E Cast 3 TA
5 1 2 4 D Cast 3 TA
6 2 2 B F Cast 3 TA
7 1 2 4 $i Forged 1 TA
8 1 2 4 D Forged 2 TA
9 1 2 2 51 Forged 1 TA
10 1 1 3 51 Cast 4 TA
11 1 2 4 51 Forged 1 TA
12 1 2 4 D Cast 3 TB
13 1 1 3 D Forged 2 TA
14 2 4 4 D Forged 2 TA
15 1 2 3 D Forged 2 TA
16 1 2 4 F Forged 2 TA
17 1 2 3 5 | Cast 3 TA

4This is the Westinghouse model designation.
Ppipe material type: 1 = ASTM-A376-316; 2 = SA-376-304N; 3 = SA-351-CF8A;
4 = SA-351-CF8M.

€For this table we have defined two classes (TA and TB) of wall thicknesses
for the 16 girth-butt welds, so as to include all the pipe wall thicknesses
noted in Table 1. Details can be found in Appendix A.

Hot leg Crossover leg Cold leg
(in.) (in.) (in.)
TA 2:.45 - 3.375 2.6 - 3.3125 2.32 - 3.03
TB 2-8 - 3.375 3.0 -~ 3.3125 207 - 3-03



Table 3. A list of transients, and the postulated numbers of their
occurrences over a 40-year plant life, for the Westinghouse
steam generator designs.

a
Transients Occurrences for steam generator model

51 D E F

Heatup ana cooldown
(at 100°F/h) 200 each 200 each 200 each 200 each

Unit loading and

unloading (at 5% of
full power/minute) 18 300 each 13 200 each 13 200 each 13 200 each

Step load increase
and decrease (at 10%
of full power) 2 000 each 2 000 each 2 000 each 2 000 each

Large step load
decrease (with

steam dump) 200 200 200 200
Loss of load 80 80 80 80
Loss of power 40 40 40 40
Loss of flow

(partial loss) 80 80 80 80
Reactor trip

(from full power) 400 400 400 400
Steam line break 1 1 1 i
Turbine roll test 10 20 20 20

Hydrostatic test
Condition 5 5 5 5

@ Although the number of occurrences may be identical for different steam
generator (SG) designs, the resulting temperature and pressure variations for
each SG design may be different. SG Models 13, 27, and 44 are not shown.
However, their effects on the temperature and pressure variations are similar
to those of the SG designs that are listed.
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3. METHODOLOGY USED IN THE ANALYSIS

3.1 Introduction

Our estimates for t! 2 prunabilities of failure in the RCL piping welds were
derived from a two-stage analysis: a best-estimate analysis and an uncertainty
analysis. The pest-estimate analvsis provides a point estimate by using
judgment in choosing the best available inputs and models. The uncertainty
analysis considers the uncertainties associated with these inputs and models,
and establishes the uncertainty bounds for the estimated probabilities of
failure.

Both analyses start by estimating the probability for the occurrence of a
failure at each vulnerable location in the RCL piping; that is, at the
circumferential butt weld joints. 1In the following subsections, we present a
brief descriprtion of the procedure used to estimate this probability for a
single weld joint, followed by the procedures for estimating the probabilities
for RCL systems. Finally, we discuss the details of both analyses.

3.2 Probability Estimates for a Weld Joint Failure

Failure at a weld joint is defined either as a leuk or a DEGB. Figure 3
provides a computational flow chart showing how a piping reliability model is
used to estimate the probatility of failure at a weld joint. The model used
is based on a probabilistic fracture mechanics concept. Details of the
model's basic assumptions can be found in Reference 6.

The computations start by considering the probability that a crack exists in a
weld. 1In the simulation process, a Monte Carlo method of numerical simulation
is then used to start the selection of samples at a weld. The size of the
initial population of crack-like defects at the weld are considered as being
randomly distributed. These initial cracks have a certain probability of
being detected and repaired during preservice inspection and hydrostatic proof
testing. Repairing these cracks modifies the initial crack size distribution:
the remaining cracks will grow by following a characteristic pattern of
subcritical crack growth. Loading events consist of normal and abnormal
operating conditions, and earthquakes.

For the 40-year life of the plant, the growth history is calculated for each
crack sample. The critical sizes of cracks for which a leak or a DEGB will
occur can be determined by applying the appropriate failure criteria. The
probability of a leak or a DEGB at a weld joint during a given time interval
is equal to the probability that a crack will grow to the corresponding
critical size within that interval. A computer program, PRAISE (Piping
Reliability Analysis Including_Seismic Events), has been developed to carry
out the detailed calculations.

3.3 Probability Estimates for RCL System Piping Failure

After the failure probabilities for each weld joint have been obtained, they
can be combined to estimate the possibility of failure in the RCL system
piping.8 In the present study, we define a system piping failure as being a

11
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Failure criteria
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® break

Continuation of Monte Carlo simulation
process until completion of N samples

Probability of failure at a given weld
as a function of time

Figure 3. Computation flow chart for estimating the failure probability
at a given weld.



failure at any weld in the loop. Assuming that each weld failure is an
independent event, we can define the system piping failure by:

(pf,sys = ] - fl. [1 " (pf)jl ' (1)
=

where

(pf)sys = the probability of failure in the RCL system piping,

(Pf)j = the probability that the jth joint in the system piping
will fail,

N = the total number of weld joints in the system piping.

If we assume that the loops are identical, Eg. (1) becomes:
16
(Pf)sys =] - J]l 1 = (pf)j]L v (2)
where L represents the number of locps. This number varies from two to four

for the RCL system piping in Westinghouse plants.

3.4 Uncertainties and Our Methods of Analysis

Many events affecting the RCL piping are rare and stochastic in nature (e.g.,
earthquakes), and estimating the probability of a failure due to them is a
complex process. Simulation analysis is an appropriate method for this
situation. Unfortunately, the assumptions and inputs for simulation analyses
are usually subjective, resulting either from a lack of data or . lack of
knowledge. Thus, the results of the analysis are uncertain.

There are three sources of variation associated with a simulation analysis:

(1) Random physical variation--This is inherent in the physical nature of the
parameters. For example, the initial crack size in the RCL piping is not
a single value, but is a distribution reflecting various causes resulting
from different environments.

(2) Sampling process uncertainty--This is a random variation associated with
the sampling process used in the simulation.

(3) Modeling uncertainty-~This is the uncertainty associated with the models
and inputs. This uncertainty considers variations in engineering
judgments and expert opinions based on limited data for "true" models and
inputs.

Since random physical variation is an inherent part of the physical world, it
can not be eliminated by analysis. Its existence is the reason we are
interested in finding a probability for the occurrence of pipe failures. The
other sources of variations are associated with the analytical methods, and
reflect our limited knowledge about certain parameters.

13



In the present analysis, the sampling uncertainty due to the stratified
sampling process is expected to be small, so it is not considered in the

analysis.

We are therefore concerned with the other two uncertainties.

The input parameters with random physical variations are:

The input

The input

Initial crack size: the initial crack depths and aspect
ratios are considered to be random variables.

Crack growth: fatigue crack growth is treated as being random.

Flow stress: flow stress is treated as a random variable.

parameters considered as being subject to modeling uncertainty are:

Initial crack depth distribution.

Aspect ratio distribution in the initial cracks.
Thermal expansion stresses.

Seismic stresses.

Seismic hazard curve.

parameters considered as being known without any uncertainty are:

Volume of the weld material.

Probability that a crack exists in the weld volume.
Number of welds.

Number of loops.

Geometry of the pipe.

Hydrostatic proof-test pressure.

Dead weight stress.

The pressure of the operating fluid.

Design transient conditions.

Leak detection threshold.

Considering the random physical variation in the piping reliability model
along with the simulation process gives us a point estimate for the
probability of a failure in the Westinghouse RCL piping. This point estimate
is also known as the best estimate, because it uses the best available
information for input parameters and models. The procedure for doing a
best-estimate analysis is illustrated in Fig. 4.

An uncertainty analysis considers the uncertainties associated with the inputs
and the models. It provides an estimate of the bounds, or limits, for the
probability of a failure. We refer to these limits as "uncertainty bounds",
and can also assign a measure of "confidence" to these estimates, Figure 5
shows the procedures used in doing an uncertainty analysis.

3.5

Important Events for the Analyses

It is desirable "0 express the results of the probability of failure analyses
in terms of earthquake events, since earthquakes are of interest from both the
design and safety evaluation standpoints. By assuming that earthquakes occur
randomly over a given interval of time, the probability of n earthquakes
occurring during the life of the plant can be expressed by the Poisson
probability distribution:

Pp = (rot)Me*ot/n! , n=0,1,2)000 (3)

14
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Figure 4.

Procedures used in the best-2stimate anaiysis.

Consideration of
five parameters with
uncertainty, in addition
to other parameters

Simulation process
piping in conjunction with
reliability model

Uncertainty bounds for
the probability of a failure

Figure 5.

Procedures used in the uncertainty analysis.

where ., is the expected frequency of earthquakes per year, and t is the

plant life.

Three scenarios related to an RCL piping failure during the plant's lifetime

are of interest:

(1) An RCL piping failure occurs, but no earthquake occurs du:ing the plant's

lifetime.

(2) An RCL piping failure occurs before the first earthquake during the

plant's lifetime.

(3) An RCL piping failure and the first earthquake during the plant's
lifetime occur simultaneously.

The sum of the probabilities for these three scenarios gives the probability
for the failure of the RCL piping during the plant's 40-year lifetime. The
next three subsections list the formulas for calculating the probability for

scenario. (Details about the derivation of these
formulas can be found in Reference 9.)

the occurrence of each

3.5.1 An RCL Piping Failure and No Earthquake

The probability for an RCL piping failure (under the no earthqguake condicions)

can be calculated by:

P(failure and no earthquake)

16

=<1 - ﬂ (1 - Pj(Fjino earthquake) ] e~40A,
=]

15
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where Fj represents the event that the jth weld fails during the life of the
plant, and L is the number of loops in the RCL system.

3.5.2 An RCL Piping Failure Before the First Earthquake

The probability for an RCL piping failure before the first earthquake during
the plant's lifetime can be calculated by:

P(failure before first earthquake)

40 16
- j. {1- (X - P; (Fy prior to first earthquakelTg = t)]"‘}hoe‘*ot dat (5)
0 =]

where Tp is the time of the first earthquake.
3.5.3 Simultaneous RCL Piping Failure and First Earthquake

The probability of an RCL piping failure occurring simultaneously with the
first earthquake can be calculated by:

P(failure and first earthquake)
40 16

=[ I {1-
a>a 0 =

where f(4), based on the seismic hazard curve, represents the frequency
distribution of the peak ground acceleration (PGA), during an earthquake.

[1 - Pj(Fj at tiTp = t, PGA = §))F}£(8)rge™ ot dt da (6)

3.6 Interpretation of Results

The 17 sample plants are assumed to represent a random sample of the
Westinghouse PWR plants east of the Rocky Mountains. To infer the empirical
*umulative probability of a failure at any Westinghouse plant east of the
Rocky Mcuntains from the sample plant analysis, we selected the graphical
method shown in Fig. 6.

In this figure, the horizontal axis represents the probability of a failure;
the vertical axis denotes the probability, ranging from 0 to 1, of not
exceeding a particular probability of failure.

Given K samples, the values 1/K+1, 2/K+l1, 3/K+l,..., K-1/K+1, K/K+l on the
vertical axis are plotted against the monotonically increasing probabilities
for a failure, Py, P2,..., Pg, On the horizontal axis., A curve can then

be drawn through these points to approximate the distribution of probabilities
of failures for all the plants that are of interest., For example. in a
best-estimate analysis, Fig. 6 provides the "best estimate" of the median
probability for a failure, Pp,5. It also provides a best estimate for

Pg.9g+ @ value that is greater than the probabilities of failure at 99% of

the Westinghouse plants.

This graphical method essentially estimates the probability of a failure in a
large population, based on the results from a limited (but adequate)
sampling. In Sections 4 and 5, we use this approach to estimate the
probabilities for failures of the RCL piping, in the Westinghouse PWR plants
east of the Rocky Mountains, by best-estimate and uncertainty analyses.
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in the RCL piping for large populations of Westinghouse PWR plants.
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4. THE BEST ESTIMATE ANALYSIS

This analysis provides the best es imate for the probability of an RCL piping
failure for each of the 17 Westinghouse sample plants east of the Rocky
Mountains. Assuming that the 17 plants are a representative random sample of
all the Westinghouse plants east of the Rocky Mountains, we further present a
best estimate for the probability of an RCL piping failure for all of these
plants. As previously mentioned, this uses the best estimates of the inputs
to the piping reliability model.

4.1 Input Parameters for the Analysis

Following the computation flow chart for the piping reliability model of

Fig. 3, we will first estimate the probability of a failure in each of the 16
circumferential girth batt weld joints in the RCL piping of each plant. We
then estimate the probability of a failure in the RCL piping system as a
whole, by combining the 16 probabilities. In the following subsections, we
sunmarize the input parameters representing the best information for the
analysis.

4.1.1 The Probability for the Existence of a Crack

If we assume that the cracks are created by the welding process, it is logical
to relate the probability of a crack's existence to the weldment. If V
denotes the weld volume, and A, is the rate of cracks per unit volume, and

we assume a Poisson distribution for any cracks in V, the probability of
having one crack, P, can be estimated by:®

P = Vagexp(-W1,) . (7)

Using a best estimate of A, @s being equal to 0.0001 per cubic inch, and
considering two pipe thicknesses, we have listed in Table 4 the probability
for one crack existing in each RCL piping weld.

4.1.2 The Distribution of Initial Crack Size

Figure 7 shows an interior surface crack with a semi-elliptical shape, a crack
depth of a, and a crack length of 2b.

Studies of the initial depth distribution of cracks, based on data from
laboratories and from field experience, have been reported. A careful review
of these studies led us to select Marshall'sl0 model, in which a truncated
exponential distribution represents the distribution of the initial crack
depth, as given by the density function:

e_a/u
Pa(a) = 0 i a f_ h , (8)
p(l - e'h/")

where the best-estimate value of , is 0.246 inch.
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Table 4. Probability for the existence of one crack in eacn RCL piping weld.

weld volume (cu in.)

P(existenc: of 1 crack)

Region of Weld joint . < L -
RCL number Thickness A~ Thickness B Thickness A" Thickness B
Hot leg 1 1139 1276 0.1016 0.1274
2 1139 1276 0.1016 0.1274
3 <028 2554 0.1656 0.2077
K 2028 2554 0.1656 0.2077
5 2028 2554 0.1656 0.2077
Crossover leg 6 2137 2410 0.1726 0.2195
7 1378 1554 0.1201 0.1528
8 1378 1554 0.1201 0.1528
9 1378 1554 0.1201 0.1528
10 1378 1554 0.1201 0.1528
11 2137 2410 0.1726 0.2195
Cold leg 12 2915 3307 0.2178 0.2803
13 2915 3307 0.2178 0.2803
14 978 1109 0.0887 0.1142
15 978 1109 0.0087 0.1142
16 1586 1799 0.1353 0.1741

*
Refers to Table 2.

The aspect ratio, defined as B = b/a, is another parameter that describes
The modified lognormal density distribution proposed by Harris®

crack size.

was selected to describe the aspect ratio distribution as follows:

PS(B) -

0, when 8 < 1

o
8

——————————

xe(zw)l

/
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Figure 7. A circumferentially oriented semi-elliptical pipe crack with
depth a, half-length b, inside radius Rj, and wall thickness h.

where C3 = 1.419, » = 0.5382, and B, = 1.366 {which correspond to
a Pg(B > 5) = 102) are the best estimate values used for the
distribution.

4.1.3 The Probability of Detecting a Crack

Ultrasonic testing, a method of nondestructive examination, is often used for
detecting cracks during preservice and inservice inspections. Only those
cracks which escape detection by this method can grow any further. Therefore,
we are interested in the probability of not detecting a crack, Pyp. which is

a function of the crack's size, the material being tested, and the
charagteristics of the instrumentation. For cast austenitic steels, we

have:

P = 0.5 erfc {v In 5,

ND A
"Dy . if 2b <D
. B
A:
mab ¢ 2b> D, (10)
2 B

where v = 1.6, erfc is a complementary error functlon, Dg (equal to

1 inch) is the ultrasonic beam diameter, and a* (equal to [h/2a]A) is the
area of a crack with an approximately 50% chance of being detected.
Equation (10) indicates that the probability of not detecting a very small
flaw is nearly 1, and the probability of not detecting a very large one is
nearly 0.
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4.1.4 Crack Growth Calculations

The structural material's subcritical crack-growth characteristics are an
important input for the analysis. In the present instance, the material
considered is basically Type 316 austenitic stainless steel, which has
typically been used for the RCL piping at Westinghouse plants. This material
has never been observed as being susceptible to stress corrosion cracking in
the primary piping of PWRs. Attention was therefore concentrated on fatigue
crack growth, with possible environmental influences being considered. Hence,
corrosion fatigue is included in the analysis.

Crack growth caused by fatigue can be calculated by certain combinations of
two variables; the range of the applied stress intensity factor, Ag, and
the load ratio, R. The load ratio is defined as Kpjn/Kmaxs With Kpin

and Kpax representing the minimum and maximum stress intensity factors,
respectively.

Using sufficient data on the fatigue crack growth rates of Types 304 and 316
stainless steels in a simulated PWR environment for a range of stress
intensities, various load ratios, test frequencies, and specimen orientations,
Harris proposed the following fatigue crack growth rate law:®

0, when A§a< 4.6 ksi(in.)l/2
da
— 4
dn = AK k 1/2
CAK_ = C|———2__| , when AK_ > 4.6 ksi(in.) (11)
a 1/2 a
(1 - R)
0, when Aib < 4.6 ksi(in.)l/2
db _
an ~ 4 T 1 a7
CAK, = C | ———————| , when AK, > 4.6 ksi(in.) (12)
. (1 - mt/? Y

where n is the number of cyclic loads, C is a lognormal distribution (with
a median equal to 9.4 x 10'12, and a standard deviation of 2.2 x 10'11),
and AK, and AK, are the ranges of the applied stress intensity factors

in the direction of the crack's depth and its length, respectively. (The
unit, ksi, stands for kips/inchz, where a kip equals a 1000 pound load.)

4.1.5 Loadings

Loadirgs considered in the fatigue-crack growth calculations consist of:

(1) The internal pressure in the pipe.
(2) The pipe's dead weight,

(3) The thermal expansion load on the pipe resulting from structural
restraints.
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(4) Seismic load.

(5) Transient thermal loads.

Appendix A contains information about the first four of these loadings.
Transient conditions that lead to transient thermal loads are listed in
Table 3.

For the transient thermal loads, the heatup and cooldown transients result in
a uriform stress through the pipe wall's thickness, while other transients
produce a thermal gradient stress across the pipe wall thickness. Section 4.2
compares the results obtained by considering only the heatup-cooldown
transient condition with those obtained by considering all transient
conditions.

For seismic loads, the intensity of an earthquake and the rate of occurrence
for earthquakes with that intensity are important. The probabilities for
seismic loads can be described by the seismic hazard curve (as described in
Section 5.1.5). This curve shows the probability for the occurrence of at
least one earthquake with a normalized peak acceleration, A = a/SSE, larger
than Ehe specified value. A mathematical model of the seismic hazard
curvell used in the best-estimate analysis for plants east of the Rocky
Mountains is:

P(A > a/SSE) = 2.9 x 10" 5(a/ssg)~2-85 , (13)
where SSE is the peak acceleration for a safe shutdown earthquake.
4.1.6 Failure Criteria

Failures are defined as being either by a leak or by a DEGB. Elastic-plastic
failure criteria are required for a DEGB, since the austenitic piping steels
are very tough and ductile. Basically, two types of elastic-plastic criteria
can be used:

(1) Exceeding critical values for the J-integral and the tearing modulus. 12

(2) Exceeding a critical net cross-sectional stress.

A study by Tadal? shows that cracks will not become unstable in the type of
reactor piping we are analyzing when the first criterion is applied.
Therefore, we used th: second criterion as the criterion for a DEGB.

Figure 8 shows the cross-section of a pipe with a circumferential crack, which
is subjected to an external bending moment, M, and an axial force, N. The
flawed pipe ‘s at the point of incipient failure when the net section in the
cracked plane forms a plastic hinge. An unrestrained plastic flow occurs at a
critical stress level, og, which is defined as being approximately equal

to the average of the yield and the ultimate tensile strengths. The critical
stress o¢ is usually called the flow stress.

The failure criterion, based on work by Kanninen et al.l3, is obtained by
requiring that an equilibrium exist between the force and the moment of the
cracked pipe. Assuming that the semi-elliptical crack area shown in Fig. 8 is
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Figure 8. Cross section of a flawed pipe with a circumferential crack
that is subjected to a bending moment and an axial force.

approximately equal to the hollow sector area, 2xRja, we can locate the
new neutral axis of equilibrium, as follows:

_ HRp)?n = (h - a)(Ry, + [a/2])2) sina
Irlt =

Rph(® = a) + a(h - a)(R, + [a/2])

8 = sin"l(x/R, ,

where Ry, = (R, + Rj)/2 is the mean radius, and r is the distance from

the original neutral axis (I-I line) to the new neutral axis. The critical
moment and force, M, and N,, respectively, can then be related to the flow

stress:
Mp = 2[(Rp)? h(2 cos 8 - sin a) + (Ry + [a/2])2(h - a) sin alog .
No = 2(% = a)Ry hog + 2a [Ry + (h + a)/2] (h - a) o

For the reactor piping being considered here, we assumed that ogf is

(14)

(15)

(16)

(17)

normally distributed, with a mean value of 44.9 ksi and a standard deviation

of 1.9 ksi.
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A pipe instability leading to a DEGB is assumed when the following condition
is satisfied:

Moy (N V2.
My, \N, (18)

This criterion considers only load-controlled loads, which include the pipe's
internal pressure, its dead weight, and the seismic load. Thermal loads are
not included because they are classified as displacement-controlled loads, and
contribute only to crack growth,

4.1.7 Other Inputs

A leak threshold of three gallons per minute was used in the analysis,
reflecting the current practical instrumentation capability, as suggested by
Westinghouse. Any coolant leakage above this threshold, resulting from a
crack through the wall, is considered as detectable and would be repaired
immediately.

Inservice inspections were not included in the analysis, since this program
varies from plant to plant. The significance of our neglecting these
inspections in this study is that we derive higher estimates for the failure
probabilities,

The hydrostatic proof-test pressure is taken as having been 3.106 ksi for all
weld-joint locations.

4.1.8 Numerical Simulation Method

Because of the complexities involved in treating many parameters as random
variables, a Monte Carlo technique14 is used to simulate the entire crack
growth history for each weld joint. To increase the accuracy and
computational efficiency of the Monte Carlo simulations, we used stratified
sampling to select initial sizes for the simulated cracks. This sampling
scheme is particularly powerful for assessing the rates of rare events (i.e.,
less than 10°%) because only those crack samples that could lead to a leak

or a DEGB are considered. Even using this powerful scheme, we still chose
from 5000 to 6000 crack samples in the simulation process for each weld joint,

4.2 Results and Discussion

Best estimates for the probability of a failure in the RCL piping at each of
the 17 sample plants are presented with respect to possible earthquake
occurrences. During the lifetime of the plant, there are three possible
scenarios with regard to an RCL piping failure and earthquakes (as described
in Section 3,5):

(1) A pipe failure occurs without an earthquake during the plant's lifetime.

(2) A pipe failure occurs prior to the first earthquake during the plant's
lifetime.

(3) A pipe failure and the first earthquake during the plant's lifetime occur
simultaneously.
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A test run, which considered all the design transients of the Model D steam
generator (see Table 3), was first conducted to obtain a comparison with the
results considering only heatup/cooldown transients. The comparison indicated
that transient conditions other than heatup/cooldown conditions contributed
very little (at most, 10%) to the results for the probability of a failure at
each weld. This finding confirmed the conclusion reached in the Zion Unit 1
(steam generator Model 51) study. Therefore, all the results presented in
this study are for the heatup/cooldown transients only.

Table 5 presents the best estimates of the cumulative probabilities for a leak
occurrirg at the end of a 40-year plant life for the 'CL piping at each of the
17 sample plants. It is interesting to note that the estimated leak
probabilities for scenarios (1) and (2) are on the order of 10-6 to 10‘7.

Table 5. Results of a best-estimate analysis for deriving cumulative
probabilities for a leak, at the end of the 40-year plant life, for the
RCL piping of the Westinghouse plants east of the Rocky Mountains.

P(leak)
Sample No Prior to lst Simultaneous

plant earthquake ear thquake with earthquake Combined
1 2.4 x 1077 2.6 x 107" 6.8 % 1072 5.0 x 10~

2 2.1 x 1078 2.4 x 1078 3.4 x 10720 4.5 x 10°°

3 4.5 x 1077 4.9 x 107/ 5.8 % 10 % 9.4 x 107

4 1.9 x 1078 2.0 x 10°° 2.6 x 10710 3.9 x 10°°

5 2.9 x 1078 3.1 x 10°° 3.1 x 10720 6.0 x 10°°

6 2.1 x 10°° 2.3 x 1078 6.3 x 10710 4.4 x 10°°

7 2.5 x 10°° 2.7 x 10°° 5.1 x 10722 5.2 x 10°°

8 2.1 x 1078 2.2 x 10°° 8.6 x 1010 4.3 x10°°

9 1.0 x 10°° 1.1 x 10°° 3.7 x 10 1 2.1 x 10°°

10 3.5 x 10°7 3.7 x 1077 9.8 x 10 12 7.2 x 107/
11 2.7 x 1078 2.9 x 10°° 2.4 % 1070 5.6 x 10°°
12 1.4 x 1078 1.5 x 10°° 2.8 x 10711 2.9 x 10°°
13 1.6 x 10°° 1.7 x 1078 1.8 x 10710 3.3x10°
14 2.3 x 1078 2.4 x 10°° 1.4 x 10°° 4.7 x 10°°
15 1.8 x 10°° 1.9 x 10°° 7.0 x 10711 3.7 % 10°°
16 2.9 x 1075 3.1 x 1076 6.7 x 1010 6.0 x 10°°
17 1.3 x 1078 1.4 x 1078 1.9 x 10710 2.7 x 10°°
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that the leak probability for event (3) is several orders of magnitude lower;
on the order of 10™2 to 10712, This implies that the simultaneous

occurrence of a pipe leak and the first earthquake is much less likely than a
pipe leak with no earthquakes during the plant's lifetime, or a pipe leak
prior to the first earthquake. Therefore, the estimated cumulative
probability for leaks due to all three scenarios is approximately equal to the
estimated cumulative probability for only scenarios one and two., The estimated
cumulative probability for a leak at the end of a 40-year plant life, for the
RCL piping in our sample plants, ranges from 5.0 x 10~7 to 6.0 x 10

It is a common practice to express a probability of failure as a rate per
plant year, even though the probabilities vary from year to year. We neglected
such variations, and approximated the probability of a leak per plant year by
averaging the cumulative probability that a leak will occur at the end of
plant's life. Figure 9 shows an empirical cumulative distribution for the
probability of a leak per plant year for the sample plants. The
99th-percentile, Py g9, for the probability of a leak in the RCL (using a
best-estimate analysis) is thus estimated as being 1.6 x 10~7 per plant year
for all Westinghouse plants east of the Rocky Mountains. 1In other words, it
can be inferred that 99% of the Westinghouse PWR plants east of the Rocky
Mountains have a probability, that an RCL piping leak will occur, of less than

1.6 x 10 per plant year.

Table 6 presents, for the RCL piping at each sample plant, the cumulative
probabilities that a DEGB will have occurred at the end of the 40-year plant
life. We found that the DEGB probabilities for the three scenarios involving
earthquake roles resembled those found for the leak probabilities. The
cumulative proba?;lxty th a DEGB will occur for the first and second
scenarios is 10 to 10 , whereas the prokbability that the third

scenario will happen ranges from 10'12 to 107 5. It appears that if a

DEGB failure occurs in the RCL piping, it will result from loadings other than
those caused by earthquakes. For example, the contribution from earthquakes

at sample plant 14 to the probability of a DEGB in the RCL piping is merely
0.84% of the contribution from other loadings.

This sheds some light on the role that earthquakes play in DEGB failure in the
RCL piping. Most importantly, we found that the cumulative probabilities for
a DEGB from all three scenarios at our sample plants are on the order of

10710 to 10'11, which are extremely low values. From the probabilistic

point of view, this simply says that a DEGB failure in the RCL piping is a
very unlikely event.

The cumulative DEGB probability can also be expressed in terms of an average
DEGB probability per plant year. Figure 10 shows the empirical cumulative
distribution for the probability of a DEGB per plant year for the sample
plants. Following the procedure described earlier, for all Westinghouse
plants east of the Rocky Mountains, we estimate that the 99th-percentile,
Pp.99, for the probability of an RCL piping DEGB (using a best-estimate
analysis) is 6.8 x 10~ =12 per plant year. Or, it can be stated that 99% of

the Westinghouse PWR plants east of the Rocky Mountains have a probability for
a DEGB failure in the RCL piping of less than 6.8 x 10~ -12 per plant year.
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Probability of not exceeding
Pr [P (Leak) = p]

Pr [P (DEGB! < p]

Probability of not exceeding

P (DEGBS), per plant year

Figure 10. Empirical cumulative distributions of the probability
for a double-ended gquillotine break (NEGB) in Westinghouse
PWR plants e=ast of the Rocky Mountains.
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Table 6. Results of a best-estimate analysis for deriving cumulative
probabilities for a DEGB, at the end of the 40-year plant life, for the
RCL piping in the Westinghouse plants east of the Rocky Mountains.

P (DEGB)
Sample No Prior to lst Simultaneous

plant earthquake earthqguake with earthquake Combined
1 1.6 x 10711 2.8 x 10713 7.6 x 10°1° dd » 00

2 8.6 x 10 11 9.3 x 10 12 3.0 x 1023 1.8 x 10 1°

3 5.0 x 10™11 5.4 x 10711 7.4 » 10729 1.0 x 10°1°

4 9.4 x 1011 1.0 x 10710 4.7 x 1072 1.9 x 10710

5 7.8 x 10”11 8.4 x 10711 1.2 x 10723 1.6 % 1070

6 8.7 x 101 9.4 x 10”1 1.1 % 107 108 307

7 1.1 x 10710 1.2 x 10720 1.6 x 10714 2.3 x 107°

8 1.0 x 10”29 1.1 = 10720 T 2.1 x 10 1°

9 4.7 x 10712 5.0 x 10°13 2.1 % 1078 9.7 x 10712

10 .2 x 1012 5.6 x 10 1% &1 % 30" T pg
11 .3 x 1071 1.0 x 1010 8.8 x 10714 1.9 x 10°1°
12 R R e 1.1 % 107° 2.4 x 10713 2,2 x 10 1°
13 5.5 x 1011 5.9 x 10 1! 1.2 x 10723 1.1 % 3070
14 2 x 10710 1.5 % 10720 2.1 x 10712 2.5 x 100
15 6.9 x 1011 7.5 x 1031 1.8 x 10714 1.4 x 10°1°
16 8.8 x 10”11 9.4 x 1071} 4.9 x 10713 18 % 1000
17 RO L | S 6.5 x 10" 11 1.5 x 10723 1.3 % 10729
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5. THE UNCERTAINTY ANALYSIS

Our uncertainty analysis estimates the bounds or limits reflecting the
uncertainties in the failure probability calculations, due to some of the
input parameters being based on limited data, or on individual judgments,
rather than on their being precisely known. This type of uncertainty iz
usually referred to as modeling uncertainty. From a sensitivity study,® and
a review of all the input parameters, we deoided to focus on five parameters

in the uncertainty analysis.

In the following sections we discuss the details of these parameters, describe
how the simulation process was carried out with uncertain parameters, and then
present our results and a discussion of the uncertainty analysis.

5.1 Parameters That Have Modeling Uncertainties

Five parameters have significant modeling uncertainties: the initial depth
distribution of cracks, t. = initial distribution for the aspect-ratios of the
cracks, the thermal expansion loads, the seismic load, and the seismic hazard
curve.

5.1.1 The Depth Distribution of Initial Cracks

Figure 11 shows various complementary cumulative distributions for the depths
of the initial cracks. Anng these, the Marshall distribution falls within
the estimates made by Lynn, and is generally within an order of magnitude

of Becher's and Hansen's lognornal fit,16 The Wilsonl” distribution

by > 2 inches falls well below all the others. This is at least partly

due to its exclusion of cracks with initial half-surface lengths of less than
two inches. This led us to place emphasis on Marshall's, rather than Wilson's
distribution. An exponential function that describes the Marshall
distribution shown in Fig. 11 is:

Py (> a) = exp (-a/u) , (19)

where y = 0.246 inch is the mean crack depth.

Using Marshall's model for the distribution of crack depths, we selected an

upper bound with u = 0.33 inch, to cover all ''¢ J 'stributions we have
discussed,15+16 For the lower bound, we tr & conservative approach and
selected y = 0.2 inch to discount dist- ' - such as those of Wilson, and
of Becher and Hansen. We believe tha  t € ertainty bounds represent a
reasonable agreement between Marshall'. .in. - . and Lynn's estimates. After

defining these uncertainty bounds, we aiso assuméed that the reciprocal of g,
a = 1/p, is a triangular random variable with a range of from 3 to 5 inch~1i,

Some modifications were made to Eq. (19) to eliminate the physical
impossibility of having a crack depth that exceeds the thickness of the pipe's
wall. This was accomplished by renormalizing the density funci'on, P (a) =
exp (-a/u)/uy, which leads to the following complementary cumulat..e
distribution of crack depth:6

. exp(-a/u) - exp(~h/u) . (20)

pa( > 1 - exp(~h/u)
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5.1.2 The Aspect-Ratio Distribution of Initial Cracks

Information about the aspect-ratic distribution for initial cracks is scarce.
Based on our field experience, cracks seldom have an aspect ratio less than
that for a semicircle (B = 1). We therefore assumed that a truncated
lognormal function (B > 1) could be used for the aspect-ratio distribution
of the initial cracks. This distribution has the following form:©

0, when 8 < 1

Cg 2
exp -(ln 8 )/(2).2) » when g8 > 1
m

AB(2n)1/2 8

PB(G) -
(21)

where CS' A, and Bm are parameters of the distribution function.
They can be determined by:

fPB(x)dx -1 (22)

1

fPB(x)dx =9 (23)
5

Bm exp(=2?) =1 ., (24)

Equation (24) defines the mode of the lognormal distribution at 8 = 1.
Physically, p is that fraction of the crack population with an aspect ratio
B8 greater than five.

The uncertainty analysis associated with this distribution was done by

treating the median of the cracks' aspect ratios, B, as a lognormal

random variable with a median of 0.29 and a coefficient of variation equal to
0.086, derived from the input: Bm = 1.336 and 1.158 for the 50th and Sth
percentiles, respectively. Figure 12 shows three cumulative marginal _
distribution curves, corresponding to the 99,9th- (p = 10'1), 50th- (p = 10'3),
and 5th= (p = 107%) percentiles for the distribution of the 8, values 1.736,
1.336, and 1.158, respectively. (Note that the S50th-percentile curve [Bp = 1.336,
A = 0.5382, Cg = 1.419] was used for the aspect-ratio distribution of initial
cracks in the best-estimate analysis of Section 4.)

5.1.3 Thermal Expansion Loads

The calculation of loads resulting from thermal oxpansion is straightforward.
However, it was judged that the design thermal expansion loads are usually
greater than the true values. We did not, however, rule out the possibility
tha'. the converse could be true. Therefore, we assumed that the thermal
expansion load is a lognormal random variable to reflect its uncertainty under
two conditions:

(1) The median value is BO% of the design load.

(2) There is only a 10% probability that the true thermal expansion load
exceeds the calculated load.
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Figure 12. Uncertainty bounds for the cumulative marginal distributions
of crack aspect ratios.

These conditions yield a value of 0.1547 for the coefficient of variation.
(Note that, in our best-estimate analysis in Section 4, the thermal expansion

loads at each weld joint were treated as being constant and equal to the
median value.)

5.1.4 Seismic Loads

The calculation of seismic loads involves free-field ground motion,
soil-structure interaction, and in-structure response. Because of the
calculational complexities, simplified methods of analysis (which incorporate
conservative assumptions) are used for design purposes. In the probabilistic

approach, however, realirtic inputs are desirable so that the result will
reflect reality.

In the data package provided by Westinghouse, a design analysis approach was
used to derive the seismic desigr. loads. Ideally, these data and the

assumptions used in the analyses should be studied on a plant-by-plant basis.
Specific factors of conservatism for each plant would then be identified and
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applied to the seismic design loads to obtain the real seismic loads. This
approach was not possible for us because of a lack of detailed data and time
constraints. Instead, we chose one plant (Zion Unit 1) for which detailed
information is available, for the comparison between design load and realistic
load.

One common aspect of the seismic data package for most plants is that
response-spectrum methods were used in the design analyses. We tried to

estimate the degree of conservatism involved in the response-spectrum method.
Two studies were conducted to identify the conservatism factor at Zion Unit 1.

In the first study, thirty multiply-supported time-history analyses were
performed. The Seismic Methodology Analysis Chain with Statistics (SMACS)
methodology, develoged for the Seismic Safety Margins Research Program
(SSMRP) , was used.l The input for each time history analysis was a set of
three synthetic ground acceleration records with their spectra enveloping the
design spectra given in Regulatory Giide 1.60.1% The response of the RCL
piping was obtained by taking the median value of the responses from the 30
analyses.

In the second study, we used the response-spectrum analysis method, 20,21

From the 30 seismic time-history records used in the first study, we selected
three at random. From these time histories, we generated three sets of
response spectra at the RCL piping support locations. The procedure followed
for combining and smoothing the floor-response spectra (with peaks broadened
+15%) was in accordance with Regulatory Guide 1.122,22 to obtain the floor
design-response spectra at those support locations. Applying each of three
sets of design-response spectra to the RCL piping supports gave the
corresponding RCL piping responses. Their average response was taken as the
result of our response spectrum analysis.

Stress results for both the response-spectrum and time-history analyses are
shown in Fig. 13 for each weld joint in the Zion Unit 1 4-loop RCL piping.
Comparing the two analytical methods indicates that the response-spectrum

lalysis is the more conservative. The conservatism factor was defined as the
ratio of the response-spectrum stress results to the time-history stress
results, and was calculated for each weld joint and loop. By assuming a
lognormal distribution for these factors, so as to reflect their
uncertainties, we obtained a median value of 7.76 and a coefficient of
variation of 0.362., The distribution of the conservatism factors for the
seismic design loads in the Zion Unit 1 study was assumed to be applicable to
the RCL piping of other plants. We did this to reduce the conservatism
incorporated in the design practice. (Note that the median value for the
conservatism factor was used to convert the design seismic load to the
realistic load in our best-estimate analysis of Section 4.)

5.1.5 Generic Seismic Hazard Curves

Since the seismic hazard curve gives an annual probability for the occurrence
of earthquakes witn various peak ground accelerations, the curve is site
dependent. For a given site, the curve is derived by combining recorded data,
the estimated magnitudes of historic seismic events, a review of local
geological studies, and opinion surveys of seismologists and geologists
familiar with the region.
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Figure 13. A comparison of seismic stresses between the
response-spectrum and time~history analyses for weld joints
in the RCL piping of the Zion Unit 1 plant.
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In our study, however, the site-specific feismic hazard information for all
the sample plants is not available. To be practical, we used the generic
seismic curves to represent all of the plant sites east of the Rocky
Mountains. The procedures used in deriving the curves are given in Vol. 4 of
this report series.l? Figure 14 shows a median generic seismic hazard

curve, and the corresponding 90th- and l0th-percentile curves. The peak
ground acceleration, a, was normalized with respect to the acceleration of a
safe shutdown earthquake (SSE).

To account for the uncertainty associated with the generic seismic hazard
curves, we first assumed that these curves can be mathematically expressed by:

P(A > a/SSE) = a(a/SSE)~® , (25)

where P(A > a/SSE) represents the annual probability of having an earthquake
with an intensity, A, larger that a/SSE, and where a and 8 are parameters
used for curve fitting.

The values of P(A > a/SSE) at values of a equal to 0.6 and 4 SSE were

treated as lognormal random variables. Using the 10th-, 50th-, and
90th-percentile curves shown in Fig. 14, we obtained the parameters required
for defining the lognormal distribution at a = 0.6 SSE and 4 SSE, as presented
in Table 7.
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Figure 14. Generic seismic hazard curves for plants east of the
Rocky Mountains.
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Table 7. Parameters for describing the distribution of P(A > a/SSE).

Parameter a = 0.6 SSE a = 4 SSE
Median of P 1.5 x 1074 9.4 x 10”7
Standard deviation for 1ln P 1.013 1.838

With P values randomly selected at a = 0.6 SSE and 4 SSE, we determined the
associated parameters, a and g, used in Eg. (25). By using this method,

we formulated a fumily of generic seismic hazard curves for the uncertainty
analysis. (Note that we used the 50th-percentile curve in Fig. 14 as the
seismic hazard input for our best-estimate analysis.)

5.2 Selecting Samples for the Uncertainty Analysis

In Section 5.1, we described the distributions of five parameters having
uncertainties. This section describes how to create the samples by selecting
these parameters from their distributions for the uncertainty analysis. We
used a Latin hypercube sampling technigue, with the following basic
procedures:

(1) Divide each random parameter into N equal-probability intervals.
(2) For each random parameter, randomly select a value within each interval.

(3) Arrange N combinations of five parameters with uncertainties. For each
combination, an interval was randomly selected, without replacement, from
the N equal-probability intervals for each parameter.

The N combinations are a sample of N equal-probability points in the
S5-dimensional space of values for the uncertain parameters. In our study, we
chose N as equal to 17 (an arbitrary value which, by coincidence, also equals
the number of sample plants).

Ideally, this sampling technique should be applied to assess the uncertainty
bounds of failure probability for each sample plant. An examination of the
DEGB probability results (Table 6) obtained by the best-estimate analysis
re!iils that the DEGB probabilities lie in a narrow range (from 10710 ¢o

10 ). This finding hints that the uncertainty bounds may have similar
characteristics for all the sample plants. This conjecture was verified by
conducting two uncertainty analyses, (for the plants having the lowest and the
highest DEGB probabilities, respectively, as defined by the best-estimate
analysis results). In other words, any sample plant can be used as a
representative plant for estimating the relative uncertainty bounds for the
DEGB probabilities at the other sample plants. We selected the representative
plant with the highest probability estimate for the occurrence of a DEGB
(sample plant 14), as determined by the best-estimate analysis. In

Section 5.3, we present the uncertainty analysis results for this plant.

These results are then extended to estimate the uncertainty bound:. for the
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Table 8. Results of the uncertainty analysis for deriving cumulative

probabilities of a leak, at the end of the 40-year plant life,
in the RCL piping of the sample plant with the highest
probability for a DEGB.

P(leak)
Sample No Prior to lst Simultaneous

pointd earthquake earthquake with earthquake Combined
" B ¥ -§

1 4.4 x 1077 4.0 x 10°° R e 4.5 x 10
- f f? -7

2 3.2 % 1077 3.8 x 10~/ 5.4 & 107*° 5.0 x 10
o o - s

3 8.7 x 1078 3.6 x 2t 2.5 x 10°° 2.5 x 10
- = - -6

4 Y4 % 307 2.8 x 10°° 3.4 % 10°° 3.1 x 10
o . - -6

5 8.2 x 10°° 9.7 x 10~ 5.5 x 102 1.1 x 10
6 2.8 x 10~ 1.4 x 1078 7.1 % 16?7 1.7 x 10°°
7 6.5 x 10" 8.2 x 107 5.0 x 10729 N T B
8 7.3 % 10°7 1.8 x 1078 4.1 x 10°° 2.5 x 10”8
- - . -?

9 3.6 x 10717 4.3 x 10" 2.3 x 10°° 4.5 x 10
10 2.8 x 10°° 2.0 x 10”6 1.4 x 1078 2.0 x 1078
-7 -6 -9 -6

11 4.1 % 10 2.3 % 10 7.3 x 10 2.7 x 10
-8 . =8 -8 i

12 1.2 % 10 1.1 x 10 1.4 x 10 1.1 x 10
- - - o

13 1.7 x 10" 11 307® 6.2 x 10 ° 1.3 x 10
-6 - -9 -6

14 1.4 x 10 4.1 % 10 9.8 x 10 5.5 x 10
ok ik -8 -6

15 1.6 x 10 8.0 x 10 7.9 x 10 9.7 x 10
16 1.9 x 10713 5.1 » 10°° 3,6 % 10°° 5.1 % 1078
17 1.1 % 1079 3.2 x 10°° 9.8 x 100 4.3 x 10°°

|
|

Refers to the sample number, as designated in the Latin hypercube sampling
technique. |

probability of a failure in the RCL piping for all of the Westinghouse plants
east of the Rocky Mountains,

5.3 Results and Discussion

Using the criteria just outlined, sample plant 14 was selected (see Table 6).
Table 8 presents the results for the cumulative probability (calculated by
using the 17 sample pointe of plant 14's uncertainty analysis) that a leak
will occur at the end of the plant's 40-year life., Note that the spread of
the combined cumulative leak probabilities is very narrow, ranging from 10-5
to 10'7. This implies that the leak probability estimates are not sensitive
to the uncertainty bounds of the five parameters.
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Table 9. Results of the uncertainty analysis for deriving cumulative
probabilities for a DEGB, at the end of the 40-year plant life, for the
RCL piping of the sample plant with the highest probability for a DEGB.

P(DEGB)
Sample No Prior to lst Simultaneous
point? earthquake earthquake with earthquake Combined
1 4.8z 071 Al w3070 N e 7.0 x 1071°
2 1.6 % 107 2% 5.8 x 40" 9.9 x 10718 3.5 % 1078
3 2.0 x 10710 3.8 x 10719 7.4 x 10712 5.9 x 10720
4 5.6 x 10713 3.5 x 10714 5.9 x 10712 4.5 20748
5 8.2 x 1011 1.1 x 1077 11 x100 1.3 %107
6 2.7 x 10712 1.5 x 10711 1.5 x 10712 1.9 x 10711
7 4.3 x 10710 5.6 x 10719 9.8 x 10712 1.0 x 1077
8 1.9 x 10712 5.0 x 10712 5.0 x 10733 ok % 30702
9 1.6 x 10718 2.7 x 1074 2.9 x 10714 NPT
10 2.5 x 10719 2.9 x 10716 1.2 % 20°Y 3.0 x 1018
1 1.0 % 1077 6.6 x 1077 3.9 x 10729 8.0 x 10
12 7.6 x 10713 8.0 x 1071 9.2 x 10712 1k x 10720
13 1.2 x 1077 9.2 x 10°° .0 % 30020 LR
14 4.7 x 10°10 1.5 x 1077 6.9 x 10" 11 2.0 x 1077
15 9.9 x 10713 5.7 x 10712 2.2x10°12 8,9 x 1072
16 2.2 x 10717 9.4 x 0710 1.7 x 10710 1.1 x 1077
17 1.5 x 10710 5.2 x 10710 3.1 x 10711 7.0 10729

8 Refers to the sample number, as designated in the Latin hypercube sampling

technique.

Table © presents the cumulative probability that a DEGB will occur at sample
plant 14, The combined cumulative DEGB probabilities at the end of the
40-year plant life sbow wide variations, from 1078 to 10'16, among the 17
sample points. This finding ceveals that the uncertain parameters are more
sensitive to the probability that a DEGB will occur than they are to the
probability that a leak will occur.

The average probability for a failure per plant-year can be obtained by
averaging the cumulative probabilities for a failure at the end of the plant's
life. For sample plant 14, Figs. 15 and 16 show the empirical cumulative
distributions for the leak and DEGB probabilities, respectively, per plant
year, The 10th-, 50th=-, and 90th-percentiles for both empirical cumulative
distributions are presented in Table 10.
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Figure 16. Empirical probability distribution for a cumulative DEGB
in the sample plant having the highest probability for a DEGB.
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Since sample plant 14 represents the plant with the highest probability for
the occurrence of a DEGB, it is reasonable to assume that the 90th-percentiles
of its failure probabilities are the greatest for all the plants. The
90th-percentile failure probability for plant 14 can therefore be considered
as the upper bound for all the sample plants.

Consideriny the upper bounds for failure probabilities in the uncertainty
analysis, and treating the 17 sample plants as being representative of all of
the Westinghouse plants east of the Rocky Mountains, we conclude the following:

(1) We are 920% confident that each Westinghouse plant east of the Rocky

Mountains has a probability of a leak in the RCL piping of less than
2.4 x 1077 per plant year.

(2) We are 90% confident that each Westinghouse plant east of the Rocky

Mountains has a probability that a DEGB will occur in the RCL piping of
less than 7.5 x 10~11 per plant year.

(3' Differences of at least three orders of magnitude between the leak and
DEGB probabilities support the "leak before break" hypothesis for the RCL
piping in the Westinghouse plants east of the Rocky Mountains.

Table 10. The 10th-, 50th-, and 90th-percentiles of the

empirical failure probabilities for the sample plant
with the highest probability for a DEGB,

Percentile
10th 50th 90t h
P(leak) 1.4 x 10~8 6.0 x 10~8 2.4 x 10~7
P(DEGB ) €1.0 % 10 - 1.0 x 10711 7.5 x 10~11
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6, CONCLUSIONS AND RECOMMENDATIONS

Failure probabilities, estimated by using best-estimate and uncertainty
analyses, have been presented for the RCL piping of Westinghouse PWR plants
east of the Rocky Mountains. In the best-estimate analysis, point estimates
of the probabilities for an RCL piping failure in each of 17 sample plants
(representing 33 reactor units at 19 plant sites) were obtained., For those
plants, the estimated probabilities for an RCL piping leak ranged from 108
to 1077 per plant year. The estimated probabilities for a direct DEGB in
the RCL piping were estimated as being about 10-12 per plant year. 1In the
uncertainty analysis, the uncertainty bounds for the 90th-percentiles of the
probabilities for a leak and a direct DEGB were established as being

2.4 x 10”7 and 7.5 x 10~11 respectively, per plant year. Based on the
results of both analyses, we conclude:

(1) A direct DEGB is a very unlikely event for the RCL piping of the
Westinghouse PWR plants east of the Rocky Mountains.

(2) Earthquakes contribute very little (at most about 1%) to the probability
for a direct DEGB in the RCL piping of the Westinghouse PWR plants east
of the Rocky Mountains.

(3) The difference of at least three orders of nagnitude between the
probabilities for a leak or a DEGB suggests that a leak failure is more
likely than a direct DEGB failure in the RCL piping of the Westinghouse
PWR p.ants east of the Rocky Mountains.

These conclusions lead us to the following considerations about the design
criteria for RCL piping in the West_nghouse PWR plants east of the Rocky
Mountains:

(1} The design requirements for simultaneous DEGB and SSE loads (as related
to the crack growth mechanism in the RCL piping) should be reconsidered,
since the probabilities for the occurrence of these events are extremely
low.

(2) Design requirements for postulating failure modes related to the crack

growth mechanism in the RCL piping should be focused on the "leak" mode
rather than the "DEGB" mode.
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APPENDIX A. GEOMETRIC AND LOADING INFORMATION FOR THE CIRCUMFERENTIAL
WELD JOINTS IN THE RCL PIPING OF 17 SAMPLE PLANTS

Information about the geometries and loadings of the circumferential weld
joints of the RCL piping in each of the 17 sample plants of this study is
tabulated in this Appendix (Tables A-1 through A-17). The geometric
information includes the pipe's inner radius and thickness, its
cross-sectional area, and its sectional modulus. Loading information includes
the loads from dead weight, the thermal expansion and pipe internal pressure
loads, and the seismic loads. The abbreviations used in the tables are
defined as follows:

AF Axial force in thousand pounds (kip).

BM Bending moment (in.-kip) acting on the plane perpendicular
to the pipe axial axis.

KIP Thousand pounds of load.

KSI Kips per square inch.

OBE Operating basis earthquake.

op Operating

PEAK G Acceleration (in g, where g = 386.4 in./sz) in the
horizontal plane.

SIG Axial stress (o, in ksi) calculated from the axial force and
bending moment.

SSE Safe shutdown earthquake.
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' Table A-l. Geometry and loadings for sample plant 1.

PLANT | GEOME TRY
WELD  INNER RADIUS THICKNESS ARE A SECTION MOD
{INCHES) CINCHES) CINSeR) CINee 3
! .50 2.80 273.73 2457 46
e o 1%.50 2. 80 279.73 2457 .46
b 3 1. 50 2.80 279.13 2457.46
# “w 1%, 50 c.80 279.73 2457 .46
3 5 15.80 1 364 47 3906 69
6 15.50 3 31 357.07 3421.92
7 15.50 3.00 320 .4y 3010.61
8 15.50 3.00 320 wh 3010.61
a 15.50 3.00 320. 44 3010.61
g 10 15 .50 3.00 320 . w4 3010.61
9 15.50 3 3) 357.07 21,92
12 13.75 2.70 256.17 2140.92
i3 13,75 2.70 256. 17 2i40.92
i 13.7% 2.70 256. 17 2140.92
1% 13.75 2.70 256,17 2140, 92
) 16 13,15 3.03 290 .62 2486 . 78
PLANT | LOADINGS
WELD seer DEADME IGHT LOAD sevse seseer THERMAL LOAD *eeves 0P PRESSURE
AF (M 1PS) BMIN-K) SIGIKSIY AF KPS BMUIN-K) S16tKS1) (kS
! 2. 653y, .26 8. 24087 9.78 2.4
F n. 0. 0.00 0. 0. 0.00 2.4
. 3 0. 0. 0.00 o 0 ¢.00 2.2
" Y. 1684, 09 -6 6272 2.53 2.8
s i0, Lk 07 <150, 14056 3.60 2.2
" 26 213 s 38, 2931 . 7% 2.18
1 22 119, Al 42 ame2. .79 2.18
8 is. 101 . .08 “42. 2905 . 83 2.18
9 “ 370. 14 -2 1320. 43 2.18
10 ? eey . .10 -2. 39 . 1.0% 2.18
'} 19, 366 B “l. HaLe 1:7% e. I8
12 % a3. 0% 9. %779 2.27 2.e8
13 0 0 0.00 0. 0 0.00 2 a8
1] [ 8 0 0.00 0. 0 0.00 2.8
: 1% 5, ai -06 9. 629 1.73 s.e8
i 16 9, 21 0% a 5114 2.08 2.28
“;_U LR R R R m LO.D IR R DR 55‘ LQ‘D D
PEAK 6 AF(KIPS) BMUIN-KY SIGIKS]! PEAK O AF (KIPS) BMIIN-K] STIGIKS])
1 06 30 33y 0 1@ 60 668 “a
2 .06 0 o 0.00 e 0. 0 0.00
3 .06 0. a. 0.00 ie 0 0. 0.00
" 0k 30. 168 7 12 60 16 34
5 06 &9 89 19 1 58 178 £
L (113 9 Wl 16 12 10 98 . %
7 .06 6 131 '3 12 e 662 6
2] 06 9 L7, 09 e e RS 17
4 06 3 203 04 12 0 w06 18
06 §, 178 .07 12 10. 396 . Nt
06 6 520 17 e 12. | 040 By
.08 14 666 LT 12 20 1372 .78
.06 0. o 0. 00 e 0 0. 6.00
D6 a. . 0.00 e o . 0.00
06 16 £0s A6 1 3. wos .32
o6 15 why % 12 30 938 “H




Table A-2. Geometry and loadings for sample plant 2.

PLANT 2 GEOME TRY

HE_D INNER RADIUS THICKNESS ARE A SECTION MOD
CINCHES) 1 INCHES ) Nt e2) (IN**3)

o } 1%.50 2.45 e%e .07 2076.58
e 14.50 e.45 ave. a7 2076 .98
3 14.50 2.45 24¢2.07 2076.58
L] 1% .50 2.5 a4e .07 2076 .58
- 15.50 3.38 364 47 31506.69
13 19.50 3.31 357.07 21 .90
7 15.50 e.60 27, 45 2513.69
8 15.%0 .60 2 . uh 251%.69
9 15.50 2.60 274 .45 2513 .89
10 15.50 2.860 e . 4H e513.69
I 15. 50 3.19 e By 3258 .22
e 123.7% 2.3 217,34 1767 .62
13 15.7% 2.3 217, 3 1767 .62
% 13.71% e.32 217, 3% 1767 .62
15 13.7% . 21T. M 1 767 .6¢
16 13.75 3.03 290 .62 Swas. 78

PLANT 2 LOADINGS

WEiLD seve DEADME IGHT LOAD *evee eenser THERMAL LOAD ceeeree 0P PRESSURE
AF (KIPS) BMiIN-K) SIGIKSH) AF (KPS BMIIN-K: SIGIKS 1 RS

I 9. 0. 0.00 % 21nss5. 19.27 o4
e 0, 0 0.00 0. 0. 0.00 2.%
3 0. 0. 0.00 0. 0. .00 2.4
" 0 0. 0.00 - 9518 . 4. 52 e.2%
5 0. 0. 0.00 -200. 178%% 9. 5% 2%
& ] 0. 0.00 -40 1980 . “h é. 18
7 o, 0. 0.00 -50. 17595, 52 2.18
2] 0 0 0.00 ~50. 2090 . . 6% .18
9 0. 0 0.00 -5, twee 95 2.18
10 0. 0. 0.00 . 1832 o 2.8
It 0. 0 0.00 38 Wb 1,48 2.18
ie 0 0 0. .00 i 8 1 02% 6. 31 c.28
13 0. a 0.00 Q. 0. ¢.00 e.¢8
14 0 0 0.00 0. 0 0.00 2.0
15 0. ] 0.00 Lo 9579 5 .49 2.8
16 0, 0. 0.00 10. 11420 w 63 & 28

WELD sebessnecsry OBE (OAD vecsssrnare Sossnvenner  F LOAD *scaesnress
PEAK 6 AF(KIPS)I BMUIN-KI  SIGIKS]) PEAK G AF IKIFS:  BMOIN-K) S GikSLY
l 09 o654 S6H7 . .81 8 90 6659 .
¢ 09 i} 0. .00 18 0 0 f o
3 U9 0 Q 0.00 18 0 4 J 00
“ 09 5% 715%. 4 49 18 A8y HiwE, .60
% a9 o0 . 10914 3.80 - 60 13168 . . T
3 09 21 S676 U 1] 125 9508 . 1.1%
' 09 a8 “739. e.21 18 196 7619, 3. 49
B 09 L 390% 1.87 I e S30e 2.%
9 09 107, 9458 1.96 e 202 6913, .29
19 o9 10%. 6367. e .9 8 200 HOS3 .93
I 09 12e. | 1805 3.98 8 191 €017 L B
Ie .09 327, 196 34 .57 9 Wi | BbE Q.35
13 u9 n 0. 0.00 18 0 0 0 00
I% 09 0 0. 0 0o 8 g o 0.00
1% o9 G 6850 . . %0 8 KL HES7 %.99
L) 09 il ] 66 5.5 I8 “ES Hi4e. 5.02




Table A-3.
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Geometry and loadings for sample plant 3.

RWELD

LRI N S -

PLANT 3 GEOME TRY
INNER RADIUS THICKNESS ARE A
{ INCHES Y CINCHES) L
i% .50 2.80 279.73
1%.50 2.80 279.73
1% .50 2.80 279.73
I%.50 .80 279,73
15.50 .38 364 .47
15.50 5.5 3%7.07
15.50 3.00 320 .84
15.50 3.00 320 .44
1550 3.00 320 vy
15.50 2.00 320 .44
15.50 3.3 357.07
13.7% e.70 e56.17
13.75 2.70 e56. 17
15.7% e.70 256.17
13.75 &.70 256.17
1278 3.03 290 .6¢
PLANT 3 LOADINGS

svse DEADWE IGHT LOAD soeve

AF L PS5

i
0
0
"
9

26
el

5

"

BMIIN-KI SIGIKSL)

w75 23
0. 0.00
0. 0.00
15R o8
oy, us
164 e
17 10
R .07
&4 .09
oa7 10
2713 A1
53. 06
0. 0.00

o 0.00
711, 38
549 27

resnersners ORF

PEAK G AF (KPS

09
(]
09
049
09
09
09
09
.09
o9
09
09
09

.09
09

28

0.

9

86 .

o8
1e8

130,

129
12
12i

117,

L

A
L]

L OA[) sessssssnar
SIGIKS L)

BM{IN-K]

13409
0.
0
1 34 36
16147,
13870,
10233
67178
9067
110
10583
| 71641

10732,
12753

drocCDwFwNwsrpooa

&
<

48

sesase THERMAL LOAD
AF (K1PS)

~20.
0.
0.
20,

180
<00

“18.
-§8.

Toov®

BMIIN-K)

26717

0.
0.

7923,
16643
5382 .
“wa8i .
5585 .
1972 .
2603.
181,
w052,

0.
D

3651 .
4109,

LR R R R ',')‘Jc

PEAK G AF(KIPS)

I8
8
18
8
18
8
18
8
.18
8
.18
.18
8
L
18
18

%

0.

0
I

113,
1ee.
123.
1ee.

16
LY
i

135,

oue .
awe .

SECTION MOD

CIN®*3)

2457 .46
2457 .46
2457 .46
2457.46
3506 .69
21 .92
3010.61
3010.61
3010.61
3010.61
32l .92
2140,

2140,

2140.
2486 .

516

--- N0 O00C

- e Ty

9
92
2140.92
9e
8

Srenay

(KSTY

.80
.00
.00
S
S

35
.35
.58
.60
.81
.34
L9e
.00
.00
L
.68

7898
0

0.
5907.
9390 .
11764 .
8055
wahY .

8609
1106
10546
12732

10077
1158%

OF PRESSURE

PROCPT WS~ waMNOOw

KS1!

N TS R T T Y
@

LOAD sevrsnasnes
BM{IN-K) SIG(KS])

.63
oo
.00
.81

.99
|
06
9
ee
.03
.39
M7
114}
0o
65
w9



:
e ' PLANT ' GEOMETRY |

e WELD  INNER PADIUS THICKNESS ARE A SECTION MOD :
Wt (INCHES) ( INCHES ! (INs*2) (INee3) |
= ) 14.50 2. 45 242.07 2076.58 :
L 2 1%.50 2.45 24e.07 2076.58 :
-1 z 1%.50 2.45 292.07 2076 .58 |
; ' 1%.50 2.45 242.07 2076.58 §
o 5 15.50 3.38 384 47 3506. 69 i
3 15.50 z 31 357.07 ™21 .92 ,
. 7 15.50 2.60 27 N8 2513 .69 :
i 8 15590 2.60 274 48 2513.69 .
L E 15.50 2.60 274 45 2513 89
5 10 15.50 2.60 7% .45 2513.69 ]
1 1%5.50 2.19 2 B 3258 . 22 l
; 12 13.7% e 32 217.3% 1767, 62 :
‘ 13 11,78 2.32 217, 3% 1767.62 .
3 1% 1375 2.3 217. 3% 1767 .62 :
! 5 13.7% 2. 32 217,34 1167, 62 |
. 16 13.75 3.03 290.62 248678
PLANT % LOADINGS
WELD sess DEADKE IOMT LOAD seves sesens THERMAL LOAD *#enes 0P PRESSURE
AFIKIPSI  BMIIN-KI  SIGIKSE)  AFIKIPS)  BMOIN-K)  SIGIKST) K511
i wj 1123, 2 «f, 11909, 5,73 2.24
g 1 0 0.00 0. 0. 0.00 2.4
1 g 8. 0.00 0. 0. 0.00 a.a4
“ w3 168 .26 1. 6500 3.13 2.24
- 259 392 EC] -78. 10618, 2.83 2.2y
& 8 1659 B 36 239 .60 2.18
1 16 179¢, 18 w3 21y, .12 o8
# I8 2150, Qg 43 27117 a5 218
a & 30u7. 1.23 -9, 1400, 52 2 18
{9 S 4360 .76 -9 592 .20 2.18
bé o EELE] {.80 wi w056 . I.37 2.18
12 62 815 76 3 w3 2.%1 2.28
13 0. 0 0.00 0. 0. 8.00 228
™ 8 0 0.00 0. . 0.00 228
s B el 1 2 4067, 2.31 2.28
6 59 Gl 58 i 4I68 1.92 208
LD revsvenrver ORF | OAD fessssreran Sesvssrnnws G6F [ OA[) vetsessrens
PEAK G AF(KIPS)  BMUIN-KI  SI0KSI) PEAK G AF(KIPST BMOIN-K! SIGIKS]) '
; 06 19 EE 2.a3 ) 563 Bl 6 2%
4 06 0 0. 0.00 1 a. o 0.00
1 06 0 0 0,00 16 0. 0. 0.00
“ 06 17 B8 2.60 10 556 . 6732, 5.5%
. [0k 1 e & .80 9 2 I 9 9
18 0% 58 aH1Y 2. ™ 10 115 16346 . 5.10 .
T 08 Bl 5903 2,59 0 120 i 1029 . g
F “ 06 i 1858 97 10 119, wWhE . 2.29 '
El 08 fn CHEE . 1.4% 19 157 529 . 2 68 |
i 0% CES Wit 2.20 to B CTRES . 19 .
1 06 ) ELT) 2.57 10 18 2aim B0
e i) 253 €908 . s.07 1o 632 RN 15.39
13 08 0 0. 0,00 10 0 0 0,00 .
1 06 0 0 0.00 0 a. 0 0.00
i | N 2653 08 g 48 119 v ] 505 6 i6
# |8 0% vl 3200 g 12 10 508 R LR :
0 1
3 49 ‘
it |

—— i b e i i e el e B T et S i S G — s S




ﬂhl-lu Geometry and loadings for sample plant 5.

PLANT & GEOME TRY

Sor, | WELD  INNER RADIUS THICKNE S5 ARE A SECTION MOD
i CINCHES ) [ INCHES | CINSe2) SLTEE
1 1%.50 2.9% 242 07 2076 .58
2 1%.50 2,45 2w .07 2076 58
3 1%.50 2.4% 2%2.07 2076 .58
“ 1% 50 2.95 avz.e? 2076.58 -
5 15.5%0 3. 38 364 .47 3506 .69
6 15.50 3.3 357.07 3421 .92
7 15.50 ¢.60 2T 48 €%913.69
C] 15,950 2.60 274 uh 2%13 69 1
g 15 .50 2.860 27% N5 2513.69
10 15.50 e 60 274 .v5 2513.69 :
i1 15 .50 3.19 142 By 3258 22 :
12 13,7% 2.3 217.3% 1767 .62
13 13.7% 2.3 217. 3 1767.62
I 13.7% 2.8 217, % 176762 ‘
15 13.7% 2.3 217,34 1767 .62
16 13.7% 3.03 290 .62 486 T8
PLANT & LOADINGS
wELD ERRY “lﬂ‘lﬁ" LOAD owver v THERMAL LO‘O DR OF PRESSURE
AFIKIPS)  BMIIN-K)  SIGIKSI)  AFIKIPS)  BMUIN-KT  SIGIKS]I %511 '
1 a9 300. A8 -35 IHE6 14 .63 2.2
2 0. 0. 0. o0 0. a 0 00 2.2
3 0. 0. 6.00 0 0. .00 2. 2%
“ " 110. .01 -35, 1 3685 6.48 e.aw
5 it. 22% .08 -200. 25344 .68 2.8y
(3 vi. 270 I ~@0 . EEEL] 1.%0 2.8
? 8. &9, 08 a0 014 1.67 e 18
‘ # 13 50. 07 80, 5000 | .66 2.18 f
9 | 261, %1 15, 1802, £ 2. 18 i
g 3 21y, e “|\% 1891 ) .49 2.18
I 20 261, % #0. CELT 2.8 2.18
12 10 306 .82 . E N 5 92 2.28
13 0. . 0.00 0 0 g.00 e.a8
% 0 9 0.00 Q. 0. 0.00 2 M :
1% -} 150 08 %5 9012 %17 -
16 f 126 i1 Y 10733 w 37 2.28
th LR R w LQ‘O LR LR R Ss‘ "aw L
PLAK G AFIKIPS) BMOIN-K) 816IRSE: PEAK G AF(KIPST  BMOIN-K) SiGIKS))
06 581 10315, 7.3 12 el | 3604 §.as
06 9 0 0. 00 18 0 0 0.00
06 0 0 0.00 12 0 o o.00
06 576 Wi w71 12 “hE BeE 5. 56
06 32, 11762 O 5 12 w9 | 3240 w8
T 1% gL1r02 6.7 12 201 280 8.6
08 we 13678 6. 54 2 ™ 17179 i
ne W@, 54 &y 12 7 Tk 3 26
08 218, {16 6 1. 12 F 4 ICEE I 6.67
06 eis, 1185 5. 37 2 10 w03 %.87
06 we an1s ERl e 4 1120%. AT
0€ 232 186, 8 o8 )2 LEED 151688 10.11
06 0. 0 0,00 1@ o i} 0.00
v ] 0 0.00 T il 0. 0.00
06 EECH arEn . 663 e LIS 13010, Cl S
06 213 I I%o% % 43 te S 15738 T F?

50

N R R AR T I T T R TR = ek S




Table A-6. Geometry and loadings for sample plant 6.
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WELD
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~ Table A-7.

Geometry and loadings for sample plant 7.

WELD

DO ODF N -

INNER RADIUS
i INCHES

1L
1
L

50
-50
.50
s,
1S,
is.
- B
19,
S,
15.
I'S:
13.
13,
13.
13.
13.

PLANT 7 GEOMETRY
THICKNESS AREA
CINCHES) UIN®*2)

2.5 242 .07
2.9% 242.07
2.45 cue. 07
.45 242.07
2.38 364 .47
3.3 357.07
¢.60 2T .5
2.60 274 .45
2.60 274 .45
2.60 274 .48
3.18 342 . B4
.32 217.3%
2.32 217. 3%
e.% 217.3¢
2.3 217.3»
3.03 290.62
PLANT 7 LOADINGS

seve OFADME IGHT LOAD #s0en

AF i 1PS)

BMIN-K) SIGIKST)

566 . i -

i oo

0. 00
181 e
79 .00
73 .08
209 s
143, .09
233 10
109 06
By, 16
730, 80

0 00

0 .00
il B 16
83 .19

AF (KIPS)

sesshenncty ORE LOAD ®*eesssnseee
PEAK G AF KPS

10
10
19
¢
A8
10
10
10
10
10
10
i0
10
g
0
19

%50
a

Q.

S0
S0
a8

it
105,

s
15

17

8.
17,

e Y

BMUIN ¥

teb8
0

0.
G33.

1582
770
674

539.
w50,
52%.
1132,
37,

0
0

53,

wh i

PR E——

SECTION MOD

(iNee3)

2076.
2076.
2076.
2076.
3506
n21.
a513.
2513.
2513.
25)3.
3258
1767.
1767.
1767,
1767,

RR2LNT222R28888

2486, 78

sessns THERMAL LOAD *rrese
BM1IN-K)

-38.
0.
0.

-38.

~185.

-98

o
=31,
8.

26

0.
0.
14,
%

SIGKSH)

.81

.00

co
51

.59

29

.51

60

" 2

26

.39

o6
00
00
&8
2

52

8193,
0.
0.

1

8080

T15%.
3027.
3107,
w729
2uh8.
3536.
9579,
8919.

7684

9108,

S16

13
1]
0.
3
™

wd oo -

(KS[)

a2
.00
00
k)
.38
61
.90
5%
.86
29
-4
17
.00
.00
sl
T

OP PRESSURE
(KSI)

R L R L P @ w

&4
%
4
24
24
18
18
8
18
18
18
28
e
28
B8
28

sessnvsecves SGF |OAD vevrsrsenen

BMIIN-K) SIGIKSI)

PEAK G

.20
.20
.26
20
.20
20
.0

20

a0

20
.20
.20
.20
.20
.20
.20
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el
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|
Table A-8. Geometry and loadings for sample plant 8. !
|
|

PLANT 8 GEOMETRY

WELD  INNER RADIUS THICKNESS ARE A SECTION MOD
CINCHES ) CINCHES IN®#2) (INee3)
I 1%.50 2.45 242.07 2076.58
2 1.50 2.45 2v2.07 2076.58
3 .50 2.45 242.07 2076.58
“ i 50 2.45 2.07 2076.58
5 15.50 138 364 .47 350669
6 15.50 3n 87.07 2192 |
? 15.50 2.60 27 .48 2513.69 ;
8 1. 50 2.60 274 45 2513.69 ]
) 1.0 2.50 27448 2513.69
1o 15.50 2.60 274 95 2513.69
i 15.50 3.19 34264 325822
12 13.7% 2.3 2173w 1767.62
13 13.18 2.3 217.34 1767.62
e 13,78 2 % 21734 176762
s 13,78 2.3 217,34 1767 .62
16 13.7% 3.03 290 62 2486 78

PLANT 8 LOADINGS

WELD sove DEADWE IGHT LOAD ssvee sesers THERMAL LOAD svsees 0P PRECSURE
AF (K [PS) aMiIN-K) SIGIKS]) AF LK125) BMOINK) S10(KS| ! KS]
| % 581 . 8 e3 16478 7.84% 2.2
e ] 153 é3 -23 1779. 16 2.2%
£l |6 316 23 -23 %588 .63 2.24 ‘
- 18] 218, 8 23 10087 . 4. 76 2.2
e 23 100 09 -2% 14296 “.01 2.2 f
& 8. 90. 18 -68 5210. 1. 33 e.18
7 I 260 15 5 ©300. [T 2.18
“ 9 233. 13 -7% w8 1.36 2. 18
9 ¢ 93 12 -8 1563, .59 e.18
10 6. 159, 9 6. 3558 1.39 e.18
i 19 ere s 68, 688% 2.5 e.18
e &8 w8 27 4 5977 L 2.68
i3 9. 251 26 2 wa77 2.8 2. &8
e 2 %4 “h 12 2610, 1.53 2.28
15 1 wHG % 12, w06 . 2.3% 2.28
% 20 w9 19 ic LA 1.9 2.28
"LU LR RN (H_’ (0‘0 AR AR R R R LA AR R R R EREE RS Ssc Lom LA R RN
PEAK G AF (KIPS)T @8MIIN-K) SIG(KS]) PEAK G AFIKIPS)T BMOIN-K) SIGIKS])
i o 838 7137, 6.90 20 | '88 | 3»09 n.m
[ as "as 5391 6.00 .20 | 268, 457, 2.3
3 o8 97 iy, 7.83 e0 142% 14681 . 12.13
" o8 i 0169 819 .@0 122% 15817, 12 67
8 0B 529 12063 “ 89 an By 18802 7.62
6 08 171 14916 E 20 260 . CHIu? 8.60
? o8 4% ELRE “ 32 20 170 17919 7.6%
a L 13 5039 2. w .20 173 ra89 L1
L] o8 145, 5209 .00 20 67 120%e. 5 78
19 o8 127 BO9 2.89 20 19% 12708 5. .76
i on i | 5589 5.93 eo 180 . 23779 7.82
& L] 587 8191 12.99 .20 9|8 27690 19 89
13 08 s87 621 8. ii.87 &0 918 A2ING . 17.09
] o8 608 109%7 9.00 .20 st 1677, 13 89
8 a8 610, 6175 5. 30 20 963 . 1 0585 10.%2
6 ] 66 . HBIHD 5.9 20 #93 | 389 8 64

53




m A=9, Geometry and loadings for sample plant 9.

PLANT 9 GEOMETRY

HWELD INNER RADIUS THICKNESS AREA SECTION MOD
CINCHES ¥ CINCHES ) CIN®o2) (INse3)
| 1%.50 2.45 2%2.07 2076.58
e 1%.50 2.45 242.07 2076.58
3 1%.50 2.45 242.07 2076 .58
“ Iv.50 .95 242.07 2076.58
S 15.50 3.38 364 47 3506.69
6 15.50 .5 357.07 w21 .92
7 15.50 2.80 274 .48 2513.69
8 15.50 2.60 2T .45 2513.869
9 15.50 2.60 27w w5 2513,.869
10 15.50 2.60 2T . 4S 2513.69
] 1%.50 3.19 342 .64 3258.22
ie 13.7% 2.3 217.3% 1767.62
i3 13.75 2.32 217. 3% 1757 .62
I 13.7% 2.3 217.3% 1767.62
15 13.7% e 217.3% 1767.82
16 13.78 5.03 290.62 2486.78
PLANT 9 LOADINGS
WL LD sese DEADMWE |GHT LOAD esone sesess THERMAL LOAD *sesse OF "RESSURE
AF (KIPS)  BMUIN-K} SIGIKS])  AF(KIPS)  8MiIN-KI SI1GIKS!) (kS0
1 1. w98 . .29 o 22531 . 10.8% e.av
2 0 0. 0.00 0. 0. g.90 a8
3 0. 0. 0.00 0. 0. 0.00 2.2v
- 1 20%. A% 8. 6450 3.10 2.2
] 10. 168 .08 -182. 13881 1.46 2.2v
6 8%, c09. 13 o, 2922 . N 2.18
7 20 e, N -50 262 . .92 2.18
L] 14 a5, .09 ~50. 2886 . .87 2.18
9 3. 355. 4% -9. 1276. &7 2.8
10 6. 7. 13 -9. 3156 1.2 2. 18
i 8. 360 . 18 50. S404 1.80 .18
‘@ 6. 98 . .08 10. %610, 2.8% 2.28
13 0. 0. 0.00 0. 0. 0.00 é.e8
) 0 0. 0.00 0 (¢} 0.00 2.28
1% 9. 5. 07 10, 3547, 2.0% é.28
I8 a, a2l . e 8, 5009 . 2.03 é.28
WELD sessvesaess OBE LOAD *eecrsnsnee sessnsernns SEF LOAD sesvessnnes
PEAK G AFIKIPS) BMIUIN-K) SIGIKST) PEAK G AF(KIPS) BMIIN-K) S51GIKS])
] .08 a1 2237. F.%i ie 162, e Tw 2.9
2 .08 0. 0. 0.00 12 0 0. 0.00
3 08 0. 0. D.0o0 e 0 6. g.00
“ 06 a1, are. B0 e 16 | Gl .61
-] .06 79. 1818 T e 156 . 3636 . 1.%7
6 .06 18, |eae. | 12 36 Sl .82
7 .06 19 469 wl 2 18 (738 81
e 08 16, 6851 . 32 e 3e 1302. 63
o .08 17 @5 %0 & I 170%. .80
10 .06 18 589 .30 e 36. i1me. (B0
I 06 18 1849 62 e a5 3698 18w
i@ 06 L 2008, O e 90 %016 2.69
13 .06 0. 0 0.00 re 0. 0 0.00
" 06 Q. 0. 0.00 IR 0 0 0. 00
15 06 ue. 4o . 49 . 9. EEUS 49
16 06 b B4, .50 1e ae 1698 1.00
54
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Table a~1cQ Geometry and inadings for sample plant 10.

TS D WY
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» £ =
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Fdmn -0

18

WELD

-
LB IO E .-

- -
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TR

INNER RATDIUS
LINCME )

e
I
%

15
18
15

5.
1S.
15.
15,
13,

13
'3

I3,

'3

.50
.50
.50
te.
.50
50

50

30
90
S0
%0
50
™
i
7%
7%
%

PLANT 10 GEOMETRY

THICKNESS
 INCHES )

g
8

WU e e Ty

S-g888

.00
.00
00
3
™
.70
.70
.70
.03

ARE &

CINe

279
27
279
279
364

»57,

320

320.

0
3en
37
256

208,

256

296 .

290

PLANT 10 LOADINGS

.el

13
73
.13
]
w7
07
a4
™
s
44
L]
17
7
17
17
62

SECTION MOD
tinss3)

24%7 .46
2457 .46
2457 .46
457 .46
3506. 69
w21 .92
3010 61
3010.61
3010.81
3010.81
As21.92
2140 .92
21v0. 92
2140.92
21%0.9¢
S4B . 8

0P PRESSURF

(XS

&

mmmmwmmmtp_&mmmmmm

23232z aoe ¥

BMEINKT SIS

%0
.08
51
L]
Wi
a8
a5
7
RE]
e
S4
59
49
“?
32

DR C[‘MIGN' LOAD soven Sevens THERMAL LOAD essvens
AFIKIPS)  BM(IN-K SIG WY AF (K 1P5) BMIN-KI SI1G1KS] )
] | 58% . 65 el 11700. X8
1 | 368 b 235, 1236, =L
f 1188 Wl Cal B %516. 2.19
f. 1032 e 293 B9 . 2.5
2%, 696 26 231 %20 . | .89
6 696 . 2% “H8 . ™2 1.97
7 768 .3 -103 S5736 | .58
16 80, &9 -108. 5064 . 1.36
| 32 i i 840 . &%
! 216. 07 1. 1756 . .21
o8 | 368 wh 10% CLERS 2.
| 170%. a0 wh 5640 . ¢ 8
\ s \ . "w w6 . e.27
! 1278 60 ', JHOR . 1.%0
i 182 07 w7 1 29% 83
! Wil 19 L 11 1 784 . .82
LA R EEEEEEE w‘ ‘_l»"‘l AR R RN LR SSL Lo‘ AR R R
PEAK 0 AR KIPST DM IN-RY SIGIRSE PEAK G AF (KPS
O b 1190 U 3 159. 1800 .
% FE ] BB LA 13 160, 1260 .
06 (B | By 1.0% s 159 2304
06 i1y, 1hE8 1. 08 13 159 Pure
05 bk | 1108 A ] 108 $G0n
8 10 338 1.09 13 16 YoM
e (L] 102 1,05 13 20 %76
08 ) 20%¢ g 13 a0 1 930
0E ée il ) '3 a7 LR
a6 22 as k) 12 27 1068
%] 6 LlEn ™ 3 ee 1644
06 5 6 36 34 T 8 1008,
06 8] S04 H 13 3] 9
G \ Wi 30 5 LE} 182
e 20 ) &0 13 L 44
0 11 1 I 15 &9 wie
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27



PLANT || GEOMETRY

L WELD  INNER RADIUS THICKNESS ARE A SECTION MOD
CINCHES | CINCHES ! CIN**2) LIN®*3)
U
f'*i-_‘ i 14,50 2.4% 2%2.07 2076 .%8
-i““ e i%.50 2.45 2%2.07 2076.%8
i 3 14,50 2.48 x42.07 2076.58
1 " 1%.50 2.4% a42.07 2076.58
L] 15.50 1.38 64 47 3506.69
3 15.50 3.3 3157.07 W2l .92
3 ? 15.50 .60 274 .45 o2513.69
) i%.90 2.60 274 .45 #513.69
h ) i5.50 2. 60 27 45 2513.69
o 10 15.%0 2.80 274 .48 2513%.69
G b 5. 50 3.19 2 B4 3258 22
12 13.7% 2.3 217.3% 1767.62
i 13 13, 7% 2.3 217 3 1767.62
3 14 13.7% 2.3 217 ™ 1767 .62
4] 12.7% 2.3 217.3% 1787.62
] 16 13.7% 3.03 290 .62 2488 .78
j PLANT 11 LOADINGS
. WELD sevr DEADME [OHT LOAD svess serues THERMAL LOAQD seeeee OF PRESSURE
AFIKIPS)  BMUINKD SIGIKST) AR IKIPS)  BMUIN-KD  SI6(KST) IKS})
i 12, 8526 . .30 45 31385 1%.93 2.4
1 0 0. 0.00 0. 0 0.00 2.8
2 o a. 0.00 0. 0 0.00 2.24
“ 3 167 08 L 9308 . 4. 30 2.8%
5 “ 79 0% “21% 197%2. 8. 0u 2.24
“ 20 158, 10 “¥1t. 8769 . 2,89 2.8
3 16, C ns “130. 7513, 2.% e 18
- 2 0. .07 130 7900 . 2.67 2.18
9 | 219 1 a3 peas. 73 2.8
1 10 3 ECT) St -4 5940, 2.2 2.18
i 16. 282 . 13 120 13438, W 47 2.18
12 @ 2%0 18 L% 5856 3.55 2.28
'8 0. 0. 6.00 0 0 0.08 2.28
™ 0. 0. 0.00 0. 0 9.00 2 28
1% G eed. & 5. 156 2.93 e.28
it i Wt oe 30 7106. 2.98 2 a8
' “l'.-‘l IR R R R m Lo‘() IR RN LR RN SS{ LO‘D IR R R R RN
PEAK G A (W(PS) BMOIN-KT  SIGIKSH) PEAK © AF KIPS) BMiINKI SIGIKS(?
) 10 206 e, 596 8 22 . CEIC) “. 29
. 10 g 0 0.00 1% 0. 0. 0.00
i 10 0. Q. 0. 00 15 0 0 0.00
“ 1 204 W3 2.92 1% 220 w82e . 3.13
5 10 200 BHa 2 .49 1% 216. 7378 2.7
[ 10 143 Wi 1i.60 1% HE Ha% 7 2.9
7 10 . i 80 2.0 % #e . w812, 2.23
v LD b 270 1 58 1% fe 3519, (g
e 16 s, = O 15 4 1655 1.5
10 10 w” 2800 | .26 1. 81 2895 1 .9s
. il it e win3 1. 5% 1% k2 W67, | .68
@ 10 158 o | 6 $.10 15 165 waee 3.6
(§ ] 10 0 0. 0.00 1% o 0 0.00
1o 10 0. 0. 0.00 % 0 0 0 .00
1 10 162, 2029 | ag % 189 EECH 2.0
|6 1] i 6@ 370 1.5 i% 189, ane i [
i 56
‘ll.

" gable A-11. Geometry and loadings for sample plant 11.




able A-12. Geometry and loadings for sample plant 12.




Table A-13. Geometry and loadings for




Table A-14. Geometry and loadings for sample plant 14.




Geometry and loadings




Table A-16. Geometry and loadings for sample plant 16.




Table A-17. Geometry and loadings for sample plant 17.
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